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Chapter 2 

Experimental 

• 
2.1 Materials 

2.1.1 Chemicals 

Analytical grade reactants (see Table 2.1) were used without further purification. They were fed into 

the reactor by means of saturators. Acid washed sea sand, used for the dilution of the catalyst, was 

boiled three times in distilled water and calcined in air at 950°C for 12 hours. Nitrogen was used as 

a carrier gas in all experiments. The reactor was operated at 150 kPa absolute pressure. Synthetic 

air was used in all calcinations and regenerations. 

Table 2.1: List of Chemicals 

Chemical Producer Purity B. P. p at 25°C Molar mass Description 
% °C g/cm3 g/mo/ 

Tetra- Fluka > 98.0 163-167 0.933 208.33 Cat.-#86580 
ethoxysilane 
Toluene Saarchem > 99.8 119-112 0.867 92.14 Cat.-#608 1040; 

batch 1010013 
1,3,5-tri- Aldrich > 97 232-236 0.845 204 .36 
iso-propyl-
benzene 
p-xylene Saarchem > 99 138 0.860 106.17 
sea sand Aldrich 2.5-2 .8 Cat.-#27.473-9 ; 

quartz, white -50 
+70 mesh, Lot 
20084-107 

Silica Gel Aldrich Cat.-#24.217-9; 
675 m2 /g; 35-70 
mesh; 40A 

Nitrogen Messer Fedgas 4.5 
Air Messer Fedgas 
(synthetic) 

23 
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24 CHAPTER 2. EXPERIMENTAL 

2.1.2 Catalyst 

MFI catalyst powder, supplied by Siidchemie AG in the hydrogen exchanged form, was used through­

out all experiments. The silicon to aluminum ratio was 44. The scanning electron micrograph in 

Figure 2.1 shows that the catalyst particles had a narrow diameter distribution of around 150 nm. 

Nitrogen adsorption was carried out using a Micromeretics ASAP 2000 analyser. The external sur­

face areas were calculated using the BJH algorithm (Webb and Orr, 1997). The BET isotherm of 

the catalyst are shown in Figures A.l and A.2 and the NH3-TPD spectrum in Figure A.3. The total 

acidity of 0.74 mmol NH3/g was determined for the catalyst. 

Figure 2.1: SEM micrograph of ZSM-5 

Table 2.2: Catalyst specifications 

Catalyst type 
Producer 
Si/AI 

MFI 
Siidchemie AG 

44 
powder 

total BET surface area (m2/g) 
external surface area (m2/g) 
Acidity (mmol/g) 

pellets 
total BET surface area (m2/g) 
external surface area (m2/g) 

425.1 
128.4 
0.74 

406.4 
132.0 

MFI-90 
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were fed single bubble saturators were 

of the gas stream was a monitoring 

a second saturator Hruu". The carrier gas was 

by a thermostated bath. 

saturater ~V.UC("l1J.COU 

carrier gas into the 

2. 

saturation 

level in the reservoir 

saturation 

of the gas over a range flow rates. A sketch of the saturator can found in 

2 

in 

into 

1 (Appendix D). 

For additional of gaseous 

An access port was located before sample valve. 

for further 

room 

given in 

2.3 

2 1 

not occur. 

1Il to maintain 
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2 
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was to 

are 

a gas­

be transported 

at 

the are 

to the 

a 

size 



Univ
ers

ity
 of

 C
ap

e T
ow

n
2 

set 

was 

to 

4g were 

to 4.5 g or g g 

reactor 

was n"',rtnrrrl 

reactor was 

saturator was 

1 h 

VU'-LU"'" is uvuUvU as zero time on stream 

a maximum 

saturator was a.~10aL,U"'U 

reactor was on is uvuU,vU as zero 

moment 

test run. 

was 

reactor was Vl-'vUCiU. 

on stream. 

pressure 

reactor. 
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2 

carrier stream was with vapour fJU"JC>vu. over the 

1 h. saturator was Ulk''-'U'lllJl<::;I.., the pure 

the reactor was carrier gas was flushed the reactor for 10 min. Only 

at a rate of to calcination temperature 

the carrier stream was 

test reactions were 

1 

of (TDP) were used to 

pressures of the 

and gases 

compounds were 

et aI., 1987). 

the reaction time 

gas by air the reactor 

ramp of 10°C/min was employed. 

was to to 300°C, 

then the reactor was to the 

to avoid alterations in the catalyst bed 

the sudden combustion coke at 550°C when 

reactor were 

by air. 

out in the same 

standard 

the reaction 

saturator was '.U"'-'U'LH.lCO\" 

run, the saturator was 

gas stream was 

After the 

treatments 

the a series. 

was 

catalyst's 

carrier 

reactor 

after 

test reactions 

Table 2.3: Reaction conditions for powder samples mass: 0.5 g; carrier gas: nitrogen; see G.I5 for 
detailed list of linear velocities and WHSV for kinetic studies of 

partial pressure of feed 0.88 0.17 12.31 
rate carrier gas (ml/min) 100 92 50 100 

reaction temperature (0C) various 270 550 550 
reactor head pressure 150 150 

velocity in at various 2.63 2.34 
reaction (cm/s) 

(gfeed/ (gcatalyst h ) ) 0.51 0.10 1.72 
time on stream 60 65 65 180 
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Table 2.4: Reaction "V'''~,'Cl'JU'' 
for detailed 

was 

3 

in 3. 

over 

to monitor 

results are 

11 

20 

saturator 4 

are III 

on 

0.55 
60 

over 

over 

was not 

0.1 
65 

on stream 

mm. 

O<klUIJ.'''' was used to 

were 

were at 10 min 

see G.15 

carrier gas 

rate 

130 

to 

every 

the carrier 
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30 

2 

reaction at 0.90 g 

to 5 treatments at 200°C 

over 

in to estimate 

2. 

extent of 

4g 

isomerisation 

was 

was feed via 

a saturator at a partial pressure of 2.67 carrier gas was set to 10 

were at 10 min reactor was 

was taken after 5 min on stream. The total time on stream was 35 min. 

2.4 

2 1 

The molar rate carrier gas was 

pressure and temperature gas behavior: 

flow rate of was the pressure, Pi, 

saturator, Psat, and the molar flow rate of carrier gas, 

2 

2 

molar flow rate feed 

concentration the feed 

carrier gas stream was 

Pi +--­
Psat - Pi 

at reactor conditions was calculated 

Cfeed 

conversion of the reactants is uvua"u as: 

at standard 

1) 

pressure in 

to: 

(2.3) 

the ideal gas 

(2.4) 
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a at 

2 

The 

x 

=t area 

areai, out 

--~------------- x 

in 

is \A::tJ',",U.),a,.","u 

isomers 

are "a,i"\~W'DC;U. 

Le. on 

on a benzen.e-ltre'e 

a is ucuu.c;u as: 

s = -==------------= 

of 

in 

Sx 

of 

it not 

sum 
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32 

TEOS leed 

= TEOS feed 

Conversion 

TEOS recovered 
during: 

Deposition - Flushing· Heating 

2. 

2.3: Illustration of the calculation of the integral TEOS conversion from a un,,,n.LIH curve. 

concentration of carrier gas stream was confirmed by 

the deposition vapour was into 

was T'P"()\,'pn~( every 5 min. 

curve. the known concentration of feed and the amount of "or-"""","",," TEOS, the 

treatment was v'-""vu,.~ 

conversion from a curve is in 3.27. 

TEOS, integral = (1 n TEOS recovered X 100% 
'n TEOS bypass X 60 min 

10) 

u •. u ..... '" "Ja.""""J.J.J"- on 

can be expressed as silicon-oxide- or silicon-density on 

HHJIL'LU.l'" IS 

area was Qnf'rYnnm area. A can in 

section 

1) 

to be 0.96 nm et , 1997). the HUHUJCa 

of molecules on a ""'J"V""'.! on the is: 

external 
n T EOS on monolayer = --------,,---------
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upon 

2 

gas 

constant was 

as on 

~U'JUVU-"J'JL is: 

TEGS monolayer = Prr"t"p,t'r> 

a 

treatment. 

C recovered 
integral = -;-------- X 

rate constants at reaction ~"'lJlllJ'~" 

reactions to occur in a constant 

k 
mcatP 

rate constant 

rate constants 

rate constant 

k 
k normalised = k 

unmodified 

treatment 

to mass 

reactor were 

reactants 

to compare 

were 

rate 

were reaction rate constant k the 

concentration of at reactor 
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r k 

2 

o,"''''"'''u<"" conversions 

min on stream were over average, 

as error measurement: 

cr= 

It 

mass space 

m cat 

on 

Cn1"lTr'nQIl in on 

25 reactor not 

data, 

IHCJUIllGU space time u<cau.;:; ... as: 
1 

T= 

gas in an reactor 
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a can UC;\VVJlU<;; the 

was 

Uk''''",,-'HH::U reaction rate 

reaction was not occur. 

==-.!.....- > 15 

et up to 

10 

UU\O'"'vO were out at 

was in reaction j-£:nYln,Dr"j- over 

is 1.3 was not reactor 
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range. 

a 

were 

tative 

1.1 

trace of a 111l)Ul.lllva 

UlJ.1\,''''".lVU treatment at of a 

series are 

COlffi[)Ollll(lS are ratAr"",rI to as CO "LlCO'''CO. 
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0.8 

o 
o 20 40 

Run time 

can into two 

at constant telTI]:)eratl 

is 

ature. 

centration was 

A "''''',UH.U lower maximum was seen at 

100 

reactor was 

reactor telTIr:ieratl 

120 

3. 

140 

CVD treatments of the 

llHWl..lHHHH con-
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as 

2 

conversion 

cation ~"'LL'jJ,::a 

at 

was 

the calculation of the 
CVD LrmtLIlIellL 

maximum Co.nCi3Il1,raLICm was 

amount was 

was 

LJ.'-'UVJ,a", sequence was ,-,u,J'-'cuu, 

100 120 140 

conversion a curve at 

cOllversion per .ultJUj,HI,.,a,~jlUll 

as it was At'\,Q'::>1rvc>,; 

at c in conversion 
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40 

c 
0 
.~ 

~ 
c 
0 u 
en 
0 w 
l-

~ 
~ 
c 
0 
.~ 

~ 
c 
0 u 

100 

<> 
80 

v <> 

<> 

<> 
v 40 <> V 

20 

D 

a --------~------~--------~------~------~ 
o 5 

3.3: 

60 

50 

30 

20 

10 

0 
0 5 10 

3.4: 

10 
CVD 

15 

TEOS conversions 

15 20 
number 

25 

(!) 

e 

C) 

25 30 35 

3. 
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two 

state conversion IHlliJU,,,, 

3 on 

U<OliJVCH~C;,U amounts per un." .. "",",,,,,,.,--'u treatment 

90 

80 (> 

(> 

70 (> 
(> 

60 
(> 

(> 

ca 50 (> g 
'00 \lv 

40 \l \l 

(> V XX 
30 xX ~ 000 

(> \l X ~a~ 0 
20 ~A~ffi~ 

~;~~~~~ 
ED ED 

10 

0 
a 5 0 15 20 

silica 011 

at 

same were LHV''-4ULv,"" at 

amounts 
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3. 

C) 

45 e 

40 

35 

a.i 
,g 

25 "iii 

20 e 
15 

10 

5 

0 
0 5 10 15 25 35 

number 
3.6: Cumulative amount of silica on 

1 

was 

conversion conversions 

are 

is as a measure 

were 

3.1. 

£'",rnn'r<':lnn over 

were 

30 

to 40 the conversion is 

of ';ca."",1" 
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3.4. 

:::e 0 -.. 
Q) 
u 
c: 
«l 
ii3 ..c 
c: 
0 
..c ..... 
«l 
U 

3.7: 

200 
300 

100 

60 

40 

20 

o L-____ ~ ____ ~ ____ ~ ____ ~ ____ ~ ______ ~ __ ~ 

o 10 20 30 40 60 70 

Run time 

Table 3.1: ~umbers of .. __ .. ; ... ,," to inhibit 

7 12.5 
3 <6 4.7 0.5 
2 <4 5.7 0.6 
2 <6 12.7 1.4 
3 32.6 3.7 

between 
in Table 
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0.2 
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o 
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<> 

3. 

o L-__ ~ ____ L-__ ~ ____ ~ __ ~ ____ ~ __ ~ ____ ~ __ ~ 

o 45 

3.8: Inhibition of cmnrnlon trend 

0.2 

o 
o 5 10 15 20 25 30 35 40 45 

3.9: Inhibition of with increased silica t1P1"l"",tc,(\n C;UIHaLUl1 trend line 
for 100 and 
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I- 6 
,e 

5 
('() 

.S:;! 
4 'iii -

- 3 
0 - c:: 0 .g ... 2 Q) ;g .c 
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3.10: ofCVD to inhibit at various 
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3 1 

versus 

15 
10 

5 

o 
o 

were 

x X 

XXX 
~~~~~~~~~~~~~~~~ 

XX XXX xxx 
XXXXXXXXX 

3. 

x 

3.11: Effect reaction time stream and VVRSV on conver-
sion and SPI'oportloIlatllOn over unmodified "",uri"" 
conditions and data 

order to time on stream 

not on stream. 
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100 

20 80 cf< -... 

~ 
~ 15 XXXX 60 
c: xx XXXX XXX 0 
'iii ~ 
..... -... 
Q) 
:> 
c: 10 40 0 
() 

XX 

5 8 8 88 888888 8 20 
XXXX 

0 0 
0 50 100 150 200 250 300 

Run time Imin 
3.12: Effect of time on stream and on conversion and 

over unmodified at 450 0 

on 

was at conversion 

the 

were in trace amounts 

that the propane 

to 

conversion was v~"vU.,,,~ concentrations of 

average 

conversion 65 It 

is \..o"", .... ,a",,,,u on a benzcE:ln(~-!lree 
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14 

12 

~ 
10 

a.. 
c 
0 8 '00 
l-

ID 
> c 6 0 
0 

4 

2 

0 
0 10 

reaction conditions 

at 

onto 

UU''''<hLL'UU treatments 

contrast to 

20 40 
Run time Imin 

o 

50 60 

1 

80 

X 
60 

40 

the unmodified of the 
0'= 

in Table 

was at very 

series. 

series occurs 20 

curve compares 

series. 

3. 

~ ll. 
Ql 
(.) 
c co ca 
.0 

respec-



Univ
ers

ity
 of

 C
ap

e T
ow

n

100 
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80 
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~ V 
a... <> 

60 <> 
H -- 40 

20 

o b-__ ~ ____ ~ __ ~ ____ ~ __ ~ ____ ~ __ ~~ __ ~ __ ~ 

o 10 20 30 40 50 60 80 90 

3.14: 'J"'ChU""'",,, in silica 

o ~--~--~----~--~----~--~----~--~--~ 
o 10 20 30 40 50 90 

3.15: 'JU'UL""'~O in silica UvIJ'V"H,>VU on 
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3. 

are in 

3. ratio serves 

to occur at 

ratio occurs in 

ratio remains 

+ 

I:::, 

6 v 

5 

-... 4 

3 

2 

<> 
1 

70 80 

..... "''"'v,'''''''''' silica I 
l4'i,-.",o", 3.16: nC'[lZellel ratios of the of TDP over nmxrri,'r "'dA;UU'H conditions in Table 
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3.5. 51 

1.8 

1.6 

1.4 

1.2 

1 
o 10 20 30 40 70 80 90 

3.17: tlerlzeU,Cj ratios of the conditions 

as 

conversions are conversion over 

reaction 

to 

error reactor """,tAlrY1 

were not ~V'.''''·U~L 

are In to 10. 
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3. 

+ 
x 

0.8 l:;,. 

;:,!! 
Sl. 0 c: 
0 'w ..... 0,6 (I) 
> c: 
0 
u 

OA 

0.2 

o 
o 10 20 30 40 

3.18: Decrease in relative conversion Data 
which was effected 

discussion. 

0.8 
;:,!! 
Sl. 
c: 
0 .§ 

0.6 (I) 
> c: 
0 
U 

'0 
(I) OA .!!1 

Cil 
E ..... 
0 z 

0.2 

o 
o 5 10 15 20 25 30 50 

3.19: Decrease in relative conversion silica Data 
which was effected was not used for further calculation 
and discussion. 
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3.5. 

100 

80 

o 
o 

3.20: vrH'tng,€s 

It can seen 

can 

at on 

U'""J.U,l" to the conversion 

was 

5 10 15 

at 50 in 

at same 

20 

x 
o 

53 

'-'H,e"'I'>'''''' WHSV over unmodified and 
in Table 

conversion to 

series 

p{,lrp~."p in conversion 
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modified 8. 

80 
~ Q." 
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20 XXH 
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o 5 10 15 20 

3.21: '--' U'''H);'C» 

on 

show In with conversion. 
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3.22: Effect 

15 
10 

reaction conditions 

1 

550°C and WHSV on conversion and para-
dlS.prc)POTtl')n~LtlO!n over modified CVD at 
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20 
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~ 
~ 15 60 c:: 
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3.23: toluene 
over modified 
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6 runs 

3 1 

stream is 

average conversion fJ.::o.UVU is 

was not 

~ 80 

+ 

60 
o 

40 

20 

o 
o 50 100 150 

3.24: time behaviour and rej:,ro.aU(;lOllll 
210°C. conditions 

5 to 185 min. 

of 

was £,oY'1"u.n out 

run 

57 

at 

to 65 min time on 

over unmodified 

over 

runs is 

at 
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20 
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3.25: time run and of the of toluene over unmodified 

at 450°C conditions are 
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3.7. 
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1 

ation are 0.6 

1 

0.2 

0.1 

in two at 50 

to an error 

OL---~----~--~~~~~~ .. ~ .. ~ 
o 100 120 

Run time Imin 
3.26: CVD on sand 

1 

over is 

and 

in 

a maximum of 75 min on stream. 

two runs 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3. 

3 1 

in 

reactor to size 

were into reactor. 

~ 0 

c: 
0 

"00 ..... 
~ 60 0 c: 
0 
u 

40 

20 

o b-______ ~~ ______ ~ ________ ~ ________ ~ ________ ~ 

o 2 4 6 8 10 

number 
3.27: fYvuv<MJ'.u~., of CVD on ZSM-5. 

reaction over 

G. 9 
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et al. UUO,I"'11 et 

61 
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in 

conversions 

conversions are 

conversions is avna,,..,.,,.rl also 

4. 

~~ .•.•.. " and 

was constant at 

same amount 

is a necessary 

data. 
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4.1. 

A ~_'''p'~ 

conversion 

If 

11 

to 

stream 

number 

amount one 

1 

In section a reaction 

is 

section 

sites. 

l"'C"v~.'VU at 

reactor. 

coverage 

per 

for conversion on a 

on 
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4. 

reactor. 

pore 1J1C1U'.<t).<.C n-

at an ovi,,,,,,,,,,, 

rate. 

c 

on 

:SpiltzrntiJller et 

or 

are unreactive 

i.e. == Si 0 Z == or 

reactor 

to 

water. to dec:omlpol3e are 
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4.1. 

not l'"'TAllt>l''' 

actions occur 

not 

in 

ro(;ee:CleCl in a 

over 

to 

in trace amounts. It 

over 

ClWCLl1lJi groups 

at 

to 1"PTnrnrQ 

sites occurs 

water at very 

sites 

into 

in-situ 

interaction 

were 

re-

at 

at room 

conversions are 

water turn 
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weakest 

reaction 

more, 

gas 

can occur. 

conversion is 

active sites on 

at 

reaction rates 

section remains 

more can move the 

4. 

in 

contact times or 

at 

amount per 

converges to a 

cause 

As 

react over 

amounts 

water 

are 
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4.1. 

is 

reactor 

1 a 

on 

groups are the 

to 

a groups appear 

via treatment water vapour; 

groups a 

et 

was 

not it is 

at et et 

Several of presence of to 
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4. 

Et 

+EtOH 
1) 

TEOS+ 
Et-O- -O-Et 

+2 EtOH 

2) TEOS+ OH -
+ EtOE! 

3) 

-
4) 

- ••• - ---:;>-.L,. ......... 

5) + 3 EtOH 

6) + EtOEt 

7) + EtOH 

8) H20 

-
9) 

4.1: Scheme of reactions TEOS and UH1UU.LL" the enosltlO,n and U<;;GeJ:U;':' 



Univ
ers

ity
 of

 C
ap

e T
ow

n

4.1. 

1 EtOH 

11 ) 2 EtOH 

1 EtOEt 

x 

4.1: Side reactions 

on conToo,nt=)nl; 

reaction 

time the 

the 

in 

instrument. reactor vU,''',",'' a 

.. + 

EtOEt + 

.. 2 

can 

IS 

+ 

the 

was 

of 

contact 

as 

amounts 

on the sensitive UUk ... ''' .. '', 

of 

not 
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In-situ water 

Ethene Oetl9ctE!O 

Ethanol detected 

Ethanol detected 

4. 

Removal of mClno-etlnQ)(Y-l9P€ICIEIS/ 
carbonaceaous _~.~.'_I~.T} 

Gas reaction of TEOS 

--~--~~--~~--~~~~--~~CVD 1°C 

on 

aDs:en(:e of aC(~e8:i:!1 

ca,:aH:', conversions as at 

reaction at 

viz. 40 h. 

excessive U'U'\"fi.'H~ pores 

the ofTEOS. 

amounts 

oecolrne more 

the 

are 

contact times 

tJv"",J.va at 

onto 

contact times are .... U'vO':;u. 

occurs at 

surface 
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4.1. 

means to 

water 

of water 

water in cannot 

V.L'J"'ICU pore entrances mean 

water is 

to 

reactions 

71 

presence 

",,,,,'U'u,,,. constraints into 

extent pore 
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2 

reaction VJUUlV1VU". 

C"."'H.ILC measure 

not seen in section 4.1. 

amount 

pore op<emng 

1 1 

as a measure 

same amount 

a more 

50 to 200°C 

to 

for 1 

conversion 

rate constants 

Uvj'U"l\'"'' sites on 

1-2 

in section 4.1.2. 

4. 

'"""""F.''""'"''U at constant 

are to 

on " 
suc-

UHJUJ.ll"a,vJlUU can 

et to enter 

ratio 

seen 

one to two COllIl]:ilel;eo 
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4.3: for the of order reaction rate constants of the modified 
are normalised the constant of the unmodified 
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in to Ii An r,:";'" 

is 

water, consumes 

4. 

to cover 
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conversion 
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4.4: for TDP order reaction rate constants of the modified ~~""J:"".- are normalised 
the constant of the unmodified "<~'''lJJ'''''') 
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4. 

not the 

macro-pores 

not to 

is 

pore rates 

In all cases pore space is never UJ.~".uu'-"w.. to pore space 

may be as a ~u<~uF,v 

is to two "HUU.1CQ,l1CVU"1 

process is 

via a to pore 
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External toluene L;. 

1 

0.8 50"C 

0.6 
0.4 
0.2 

0 
1 0 10 20 30 40 50 60 

0.8 10QoC 

0.6 
0.4 
0.2 

0 

1 
0.8 
0.6 

7a 0.4 
c:: 0.2 ... 
~ 0 ... 
0 -

0.8 
0.6 
0.4 

'E 0.2 
~ 0 
c:: 0 10 20 30 40 50 60 0 1 0 
ill 0.8 300"C 
"§ 

0.6 
L;. ... 

ill 
'E 0.4 + L;. L;. 0 - 0.2 L;. 

L;. L;.L;.L;. L;.L;. 

~ 0 
"0 0 10 20 30 40 50 60 (J) 
,S!! 1 
7a 0.8 400"C 
E 
0 0.6 z L;. 

0.4 L;. 
L;. 

0.2 L;. 

0 

1 
10 20 30 40 50 60 70 80 90 

0.8 + Pe100"C 
L;. 

0.6 
0.4 
0.2 

0 
0 10 20 30 50 60 

silica 

4.5: and external 
of at 

of 
internal cannot be 
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3 

1 

also 

with 

n amount 

reaction rate constant 

1) may 

are {U'·j')/J.~:U,f::(J, 

rate constants are 

poor 

1 

also 

two processes to 

to 

rate constants 

amount 

on 

0<0: < 1, 

rep,resenting an ll1crenlen,tal 

Le. a 

via square error 

4.1. Hibino et 

to pore UHJvr,u,.p; 

n, 

is 

constant amounts 

coverage 

reaction 

0: 

'<O".<"'1<OH" use 

4.6 

was 
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as a measure 

It beCOInes 

treatments up to 

n: 

It appears 

range error 

an increase in n:; it 

one is 

viz. 
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+ 
TiPB 0 

0 
-2 
-4 
-6 
-8 

-10 
00 10 20 30 40 50 60 

-2 
-4 
-6 
-8 

-10 
0 10 20 

0 
30 40 50 60 

-2 

-4 
-6 
-8 

-10 

0
0 10 20 30 40 50 60 

(ll 2000e "§ -2 
... -4 (ll 
"0 
"- -6 0 

~ -8 
:;:: 

-10 
0 10 20 30 40 50 60 

0 
ffi 300ne -2 

-4 
''(\), 

.5 -6 ffi 
-8 

-10 
0 10 20 30 40 50 60 

0 
-2 4000e 

ffi 
-4 '-(9.---$_ 

-6 
-8 

-10 

0
0 10 20 30 40 50 60 70 80 90 

-2 Pe1000e 

-4 
-6 
-8 + 

-10 
0 10 20 30 40 50 60 

silica / Si/nm2 

4.6: of order rate for the of 1 
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4.3. 

TiPB 

0 
-2 
·4 + 
-6 
-8 

-10 
Q) 20 30 
"§ 0 

-2 a; 
12 -4 + 
0 

-6 "§ 
l;::: ·8 

-10 

0
0 10 20 30 

-1 .9) EEi 

.E 
' .. 

-2 

·3 

-4 
0 20 40 60 80 

silica I 

4.6: of order rate 

Table 4.1: Deactivation constants Q for the 

200 

400 

flTEOS in l1ov'l-tllrOlullh system; 
of 1.39 per CVD 
modification in 

+ 
0 

Pe200"C 

40 50 60 

98 

40 50 60 

$ ....... 
EEi 

100 120 140 

for the 

0.61 
0.63 
0.77 

0.81 

for 

of' 
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reactants. 

= 0). 

TI, a 

two 

structure was 

- 1) 1 1 

+ 

reaction a 

3 
TI =­

(j) 

processes, 

4. 

(4.3) 
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on a 

concen-

were llelCeSSar 

to > 

are wrong or 

sequence It may now 

a 

It rates on pore 

HH:bA.HHA .. ! para-

" ). 

same as were seen 
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apply for the isomerisation reaction of the external surface. 

surface appearing isomer 

section. 

thus also" intrinsic modulus" , 

ties to same extent 

reaction will vary 

of modification progresses. 

D,'l'CH"'" in 

pore UIU'vn.,,,,I'." is 

to 

is plotted in 

ratio of deposited 

uu<,",vu 4.3 an 

4.9a and it provides a 

is 

'v<~u..,,"F. is 

to the amount 

~ 1- x~ 

4. 

the inertisation 

the diffusivi-

in to pore 

""""'1'>"" into 

silica which causes the 

(4.6) 
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4.7: Vllo,l1jo:,"'1> in 

1 00 r----r----r----r----r------, 

80 

60 00000000 0 + + 
O[fl 

+ + 
+ 

40 + 0 
++ ODD 

20 QH1HIlI'!Je!Jc56 
00 

+ 

o ~--~--~~~~~~~-~ 
100°r---r---r-----r--~r----,25 
80 

40 

20 
o ~ ___ L-_~~~~~~~~-~ 

100°r--__ 5r--__ 1rO--~-1r5--~-2rO--~25 
+ 

++++ ++ 
+++ 

60 DO + 
Ifl 

80 

40 + 0 
20 

++ 

000 o ~_~~~~~~~b---~-~ 
100°F-_~ __ ~~ __ -T---~--~25 

80 

60 DO 

40 t!i 

+ 

20 'ilc 00.0 o 0 
o 0 

o 5 20 

+ 
o 
o 

25 

87 

100°C 

with "1'".'<:«"'"1"" number CVD treatments for nr."m1,>,· Slunples. 
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5 10 15 20 25 30 35 
CVD number 

with number CVD treatments for 

4.9: Effect of the linear increase of 
and effectiveness 

x 
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4.4. 

In 

extents 

17, 

4.10: Effect of the eXJ:)on;entJ 
effectiveness factor. 

isomers 

20 to 40 

UL~.H7''''''<; of pore UlVvfi<h"CO with LV<kUU',,,,on 

vary over 

isomer to vary 

pore occurs at a 

after 

in 

of 17 occurs over entire range 

x 

and 

lJl\,,'\.,.I\.lHlo!. must 

same 

on ex-

are 

viz. 

pore 
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effectiveness factor of IS 

'17 assumes U .... U.UHU to the overall 

4.10 it can be seen, 

intrinsic the extent of pore blockage increases exponentially. 

III 4.6. 

Reduced on 

As laid out the fast seconeJ.ar isomerisation on 

in 

were 

of the rate secondary isomerisation must originate 

same of as were seen 

to the isomerisation reaction on 

n=O 

of rate constants for viz. 

reported to be in the range of 100 (Young et al., to 7000 (Olson 

crystal, undergo isomerisation. a isomers 

of over UHHnJu.JlH,"'U. even at low conversion 

not change at conversions 

seen over the powder at conversion 

et 1982) to mass 

inertisation 

tarnal 

a complete silica 

more 

reactions were 

area 

on the external 

m 

intrinsic xylene composition as it is formed 

Section, U"l'UH<:U limitations " 

to 

v",,",,".v» rate constant. 

over IS 

mixture 

can be 

at reaction 

1984). 

the was 

However, as 

the ex­

is 

out in 

From this point on, the secondary isomerisation on the external surface xylene 

and are to diffusional limitations due to pore lJ,\.J'-'""",I'..V 
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4.4. 

on 

constants of 

constants can 

<, 

> 

is also <lA,,,, ... ,,,I,, 

to extent, 

conversion from 

data 

are 

as resistances in series Ut::IJ"'lHJIHll", on 

cases can 

reactor is 

at very 

"""".,,'arl over Unm()Qlll1€!Q LJUJ.".L-CJ. 

to the are 

a 

in 

two 

reactor 

cases 

severe 

were 

reaction 
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a. UUJ"-"H."'- from the high at high llHUllll"," appear to 

hypothesis as ",..."""",,"', above. 

IS reactions 

systems. 

Introduction of UO!'UH''''J. constraints can be from (usually unreliable) co"",·"""-,,..,n uptake rate 

measurements. of deactivation constant a of 

of 

to 

isomerisation at 1 % conversion. 

1'MOS in a static vacuum for non-

homogeneous deposition across (see section 4.3.1). It appears that 

was the reason severe pore constraints 

reactor 

and reported 

a was 

seen to be unaffected. 

measurements are at are below 

Furthermore, of J.J.J.\.JJ.co\.-u.,c;" system is an 

activated process et 

1994). it proves to difficult to measurements 

with TEOS at low of the contributions 

reactions as as monitoring the effect of changing diffusional properties 

and composition. by applying a suitable model that describes 

to of 

reaction viz. at will 

on 1Il 4.6. 
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1 versus 

two extremes. 

viz. 

to constant 

are to 

in as 

3.17 it can be UC;\"U\~C;U ll1(:re:asEid concentration 

in 

in poor 

series UJ."'IJUt.y 
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1.5 .---,-""":"'""-,---,---,-----, 

0.5 

2 4 6 8 10 

0.5 

~ 0 
(5 

.€ 
2 4 6 8 10 

1.5 

1.5 .---,----:--..,..---...,.----r----, 

0.5 

246 8 10 
Conversion /% 

4.11: for TDP over CVD modified nmun,,,,, and "'~'UP"vO' Data obtained over 
the unmodified are encircled. 
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4.11: for TDP over CVD modified powder and 
obtained over the unmodified are encircled. 

Data 
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as '-'V.Uti"'''' to 

is to sec:onaar 

via a 

when ca. 15-20 

at 300 and 

ratio. 

continuous DlUiCKme: 

to 

reactants. consequence, 

as well as to reduced 

via 

to 

over 

ratios over 

to oellZEme 

aromatics 

not eXI:;eed values 1.6. 

over IJ<:;:JU.<:;:I,"" 

is 

to 

4. 

must 

contrast to 

out 
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1 

constants 

the 

is 

reaction 

rate ,",UJ.li:>Lo,HL, 

reaction: 

two can 

reaction LU~;,",UIa.UIL'HU 

on 

over 

are 

was 

p-

rate 

arrows. 

+ 

+ 

arc 

a 

is lspr01)0I·tlCma.tlcm of two VVIIc>n,"I< to 

+T 1) 

+ 

is 
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2 

2 

2 

reactions are ao',,"UHvU 

concentrations 

reaction 

r>(,\,'Ylrl,,;,,,,>rl to reactions 

and 

""".'u,,""',", reaction IS 

T+ 

T 

T 

2 T --'-----+ 

2 T-----+ 

+ 

4. 

can 

to 

high 

"'';:''HUH'''''' to ,",u<kuE.'" 

to two more rate 
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Fixed bed reactor 

· .. " " 

, ZSM-S crystai ' , , , , 
of diameter 2R 

B + poX 

m-X ' 

Hk2 

- poX 

Hk 5 

, "' ... m-X 

B + o-X '" """ ",.,. o-X 

: T + B + HC 

, 
HC 

T 

4.12: Model of TDP over ZSM-5 in a fixed bed reactor, 

to obey 

can 

reaction can 

interior 1JC;'l.,UJ,UC; 

+ 

+ + 

of 'to 

rate eXI)re:SSl(mS reactions occur on the are: 

to 
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100 4. 

1 
Cext ( 4.26) 

3 T 

(C~i- ] ( 4.27) 

2 cext) 
- -~ 
3 

mentioned above, the only occurs in the spatially confined not 

on is not to 

as the is dilute and to be constant. 

"'''''UlUC;'U to 

constants are into the rate constant 

as the model is 

on 

it seen that the 

..... oro1"A" 4.3.1). The in first order rate constant on the 

surface may then be rel)re~sellte~d. by: 

k= ( 4.30) 

ko is rate constant n IS amount 

k is the first order rate constant at n amount 

in rate constant with silica UvjJV,~'CJ'VH 

IV\1nt"H>!' is Uv'.<u.,-,u. to "U~,U'U'H rate constants on 

thus the isomerisation rate constant will also 

reaction rates are not by the process as 

exclusively on the surface. all first order rate constants in the catalyst interior remain 

the amount of 

on 

It is 

'-'V'C;HJl\""~HC remains UH'vllCUl<"C;U 

by Theodorou and (1983) have shown a reduction in 
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of 

an 

",cmr"", in two ways, (i) Xb 

4.13: 'VU'!HIJGUlOU'U of the effect of linear and eXIJOTIlenlClal increase of pore blCICKJlllg 

compares two appnlac;nes. 

same amount 

on reaction 

IS 
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constant 

are 

are 

reactor is """"UiHvU to 

T= 

mass 

reaction rate 

is concentration the "'IJ'J"""~'" 

rCELctlon rate for the 

is a Lu"n~'uJ.vu 

1 

rate constant. 

is no 

concentrations are 

i. 

mass IJUi<.UJ.'-'''' 

o 

+ 
1 E 

E 

reactor 

is UC;HHC;U 

state 

to assume constant 

at any 

concentration 
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are: 

o 

resistance: 

1, = 

reactants: 

in 

nx 

j=l 

nc 

k 

i 

j = 

nx = nc 

nc 

matrix 

concentration 

= 1, 

= 1,7 

1, 

0, 

reactor 

+ 

counter 

counter 

constants 

reaction rate of at 

reactants 

7= =0 

7 =0 

mass 

is to 

=0, = 1 . .. ne 

arrays, k 

in 

to gas 

at reactor 

to an 

at y 1 

1, 
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The equation the reactor incorporating the 

't= nx at tho 

Tn] = nx(k - 1) + i 
of constants 

reaction rate on the 

are nc 

are 5 in this reaction ",,,:T01rY1 

and one 

hence, 

4. 

condition 4.36, yields: 

( 4.40) 

y= 

at 'l 

equation (4.40) speCIes k. 

collocation the concentration profiles of "1-I'G'-'l"''', even 

at 

are in 4,14. 

kinetic de,>cri,oticm 

obtain 
guess of PI - P6 

4.14: Flow chart of simulation and 

Functional Solution; 
simulated concentration 

versus silica 

DDASAC + GREG 
parameter estimation based on 

X versus silica 
IA/Oinh·tOrileast square error criterion; 

(i) simulated data 
(ii) simulated data ± 5 % random error 

of Pi 
and the effect of error 

DDASAC + GREG 
parameter estimation of 

A1U1ArimAnt::.1 data 

to obtain simulation 



Univ
ers

ity
 of

 C
ap

e T
ow

n

trace 

cases were 

in 4.4 

conversion. 

conversions 

UC;Jll':'C;UC content 

=1: 

on 

ratio is >1. 

p-

60 

the 

% 

two 

the 
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T S 

S-l 

1 

S-l 

S-l 

P5 

P6 

Table 4.2: Base and estimation 

10.0 

4.3 x 
4.3 x 

residence time in reactor 
internal: rate constant for TDP 
internal: rate constant for 

constant 
constant Ul~·"""-U.L" 

inertisation constant 

4. 

isomerisation 
reaction 

isomerisation 4.3 
2.538 
0.393 
0.70 
100 
100 
0.1 
0.1 

diffusion time constant for toluene 
diffusion time constant 

of the rate constant for 
to rate constant for 

reaction 

sur-
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4.6. 

not 

reactions. 

rate 

ever, 

on 

to 

111 

reaction is Hl\~lUU""U 

is a consequence 

same 

starts 

reaction is a Se(~OIlmH 

concentrations 

to 

can 

30 

is a consequence 

at 

resistance. 

A constant 

is 

series 

cannot 
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o 
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+ 

o 

4.15: simulation: versus conversion 
silica without reaction. 

o 
o 

+ 

x 

4.16: 

o 

o 
o 

o 

o 

o 

x 

4. 

o 

2 

1 

o 
16 

TDP with vu< .. ,&U'& amount 

o 

+ x 

2 

1 

1 

o 
16 

_._ . ..."...._.-

TDP with ch2mging alllUUllL 
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PI to P6 in 

a 

curves to 

accuracy 

by 

is 

If more 

response. 

curve rises. 

in aelGermll1l[lg 

is in to 

at constant conversion 

conversion-concentration 

were 

is UPlfI?>",.. asa 

CH"U."'.'VH. 6 responses are 

square error criterion 

were •. >AUUH' __ • errors 

a 

proce­

to 

accuracy 

rise in 
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o 

1 

o 

o 

o 

fit to simulated without 

o 

fit to simulated eXIJenments with 

2 

1 

o 
16 

reaction: UHiCjU"HCO"" of fitted n>lT'§lTYlPTP1'<l 

reaction: 

2 

1 

o 
16 

of fitted 
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4.6. 

o 
o 

+ o 
x 

o 

4.19: fit to simulated 

o 
o 

o 

fit simulated 

with 5 % random error without 

with 5 random error with 

o 

2 

1 

1 

o 
16 

reaction: 

2 

1 

1 

o 
16 

reaction: 

1 

of 
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4. 

Table 4.3: Estimated model from simulation as Pi ± 

4.41 1.07 0.696 94.0 0.196 not used 4 
± 0.09 0,93 ± 0.033 ± 157 0,069 

4.30 1.00 0.70 100 0.30 0.1 0.000028 
± 0.00024 ± 0,0017 ± 0.000013 0.05 ± 0.00021 ± 0.00037 

4.38 4,55 0.696 102 0.218 0.089 2.5 
0,072 3.34 0.032 ± 162 0,056 ± 0.106 

rate constant for internal TDP. 
of reaction constants for isomerisation to internal TDP. 

co:: inertisation constant. 
diffusion time constant for toluene. 
ratio external to 

: ratio of reaction rate constants for internal TDP. 
fJNumber of for 
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4.6. 

o 
o 

o 
o 

+ 

x 
o 

+ 
x 

4.21: without 

fit to with 

reaction. 

reaction. 

2 

1 

1 

o 
16 

2 

1 

1 

o 
16 

113 
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Table 4.4: Estimated model 

PI 

10-3 

4.31 
± 0.04 

P2 

2.46 
0.62 

from 

P3 

0.730 
0.003 

30 
.003 

data 

P4 P5 P6 

108 0.30 not used 
± 18 0.03 

0.301 
0.034 0.047 

were used for the 

The of 

The 

over 

s. 

time constants IS()m'ers are: 

was to 

data of the 

isomers were 

reaction was \JV!l"l''"''''! 

It not IJV'''''!:U'':' to OUJL1UJLQ 

ratios 1.1. 

the current 

4. 

1.75 

1.59 

reactions 

UUU1~'<;;;U to account 

to 

data was 
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Table 4.5: Estimated reaction rate constants. 

data 

rate constants 4.5. 

~ , is 

rate constants P5, is aplProfxirna1~ely Le. 30 

too area measurements 

IS UULl':;.l <:;'" 

reaction rate constant rate constant 

not 

a ""F,HHAvv'UC conversions. 

constraints excess amounts 

aepenOlS on 

conversion 

ratio in the 

more, 
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1 4. 

more reaction 

cannot serve to 

error, as 

over all 
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• 

• 

• 

• 

• 

• 

• 

two test 

one 

vU""LJCL'->(.U vapour 

was 1"£>,"",,'1al1 

was ,-<vIJU'UH,v'-4 on 

LlUHl-'V nnnrn"'r was 

at low tmnp,erl'tt 

conversion 

117 

to 

to occur (LHal~J5c.,u" to 

increases 

U,",I~"'''''lLU1.y 'CA"",.,UC;U to LlU.lU-·V 

at 
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) 4 287-295. 

N. m 

1996. 

119 



Univ
ers

ity
 of

 C
ap

e T
ow

n

J. 

y. 

J. 

S. ,-".en ''-''''''' 

J. 

J. 

J. 

F. 

A. Xu. Sci. 

pp. 373-436. 
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over 
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12 

3 . .l.¥J.V'UH1.\JO,;'lVH 

c. 33. 

J. J. 

J. 

8 

J. 

s. 

w. 1-8. 

N. U.uu(kUU J. 
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94.4 26.17 1.67 O.l:~ 25.33 2.25 2.32 83.68 1.69 15.79 1.58 0.53 0.72 87.83 1.89 
95.8 27.56 1.61 0.14 25.3 2.01 2.25 81.96 1.08 16.69 1.07 1.36 1.05 90.1 0.71 

98.84 1.65 0.13 22.96 1.94 2.56 81.68 1.95 17.22 1.8 0.72 1.87 
96.02 29.91 1.55 0.12 22.49 1.75 2.66 82.35 1.03 16.87 0.9 0.78 0.75 89.24 2.47 
96.74 31.32 1.82 0.23 18.34 2.39 :1.42 80.13 0.68 18.76 0.27 1.11 0.7 84.9 2.66 
96.45 32.77 1.75 0.16 17.68 1.63 3.51 79.67 2.42 19.07 2.58 1.26 81.6 1.15 
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at 

~ 
() q q 
el (i' 
U III 0 

I=l ~ :::l 
~ 

S () u 
el III ::r u § '" U '0 ..., 
0 () ..., 
:::l m '" 2 
u 

~ 
:::l 
(') 
ID 
~ 

25 
10.21 0.04 

1 I 30.31 100.65 3.48 11.91 11.05 0.34 
99.34 3.77 2.61 11.44 0.08 

3 15.89 100.02 7.5 3.36 1.29 2.87 0.03 12.06 0.22 
4 12.55 102.49 8.94 4.23 94.26 0.61 2.73 0.02 12.91 0.06 
5 14.22 95.81 10.58 2.5 0.04 14.7 0.08 
6 12.:~3 98.82 11.99 2.43 0.05 16.1 0.41 
7 99.87 13.23 0.04 18.71 0.45 
8 11.35 98.47 14.53 0.07 21.38 0.86 

96.21 16.03 0.12 22.86 1.49 
10 11.31 97.54 17.33 2.23 0.17 24.53 2.11 
11 10.7 98.17 18.56 1.85 0.32 24.22 4.19 
12 9.22 101.32 19.61 1.82 0.55 24.56 6.77 

8.86 100.15 20.63 1.82 0.65 24.56 7.26 
10.24 21.81 1.11 0.03 31.92 0.69 

101.8 22.6 1.92 0.98 21.98 8.63 
95.52 24.08 2.2 1.68 21.17 to.41 

17 8.91 100.13 25.1 2.~i4 2.02 19.79 10.69 
18 11.46 97.23 26.42 2.23 UlB 19.58 10.44 
19 11.15 97.8 27.7 2.72 2.04 16.61 10.67 
20 14.35 94.26 29.35 3.1 2.31 15.82 9.87 

q S q 
lfl 

1.09 21.36 0.12 55.18 0.48 
1.08 23.03 0.7 54.78 0.48 
1.09 23.93 0.29 54.98 0.68 
1.09 25.19 0.48 55.51 0.74 
1.11 27.22 0.14 54.68 0.79 
1.12 31.16 0.58 53.62 
1.1 34.02 0.6 52.74 0.4 
1.16 40.6 1.49 49.64 
1.23 47.52 0.68 43.42 0.67 
1.32 52.75 1.2 39.71 0.93 
1.35 57.35 1.42 36.6 .32 
.69 64 1.17 31.29 0.58 

2.04 69.42 0.74 27.3 0.7 
2.21 72.08 25.14 .23 
1.26 73.31 0.62 24.01 0.76 
3.27 76.62 2.49 21.62 2.03 
4.05 73.59 0.94 24.04 1.29 
5.49 80.34 1.76 18.87 1.99 
5.86 81.51 2.6 18.49 2.6 
6.S9 81.11 4.14 18.89 4.14 
6.14 79.72 5.41 19.51 5.03 

0 
lfl 

2:3.46 0.53 
22.18 1 
21.09 0.42 
19.3 
18.1 
15.23 
13.25 0.3 
U.76 
9.06 0.34 
7.54 0.42 
6.05 0.42 
4.71 0.66 
3.28 0.22 
2.79 0.72 
2.68 0.14 

1.21 
2.37 0.44 
0.79 1.1 

0 0 
0 0 

0.77 1.71 

() 

III ..., 
U 
0 
:::l 
u 
I'l 
(iT 
:::l 
2 

100.73 
103.48 
96.89 

.97 
100.94 
100.97 
99.33 
95.72 
94.35 
94.06 
99.44 
91.1 

86.98 
87.69 
79.71 
79.07 

q 

1.91 
1.35 
0.72 
1.42 
LI6 
2.14 
1 
3.64 
1.95 
3.09 
3.14 
4.4 
7.83 
7.09 
1.2 

10.23 
14.44 
HI. 49 
15.99 
15.68 
17.18 

I-' 
01 
~ 
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G.7: conditions: Powder modified at 

>< ~ q q q 

I 
po 

hJ >-! :;; 0-
0 

~ tll :::l 

~ 0-
po po .., ;-
0- :::l 0 ~ ::s tn CD 

-, 

~ 
73.05 97.63 2.78 7.4 0.1 10.22 0.05 

1 168.59 92.27 7.88 13.79 97.17 O.O{) 11.57 0.06 
2 42.01 99.18 12.71 5.08 99.86 0.05 11\.76 0.17 
3 37.9 17.06 4.63 98.47 2.48 19.9 0.28 
4 29.8 100.81 20.49 -0.17 101.97 1.85 0.04 27.26 0.23 
5 34.26 100.53 24.42 1.56 0.08 0.94 
6 26.91 98.72 27.51 1.38 0.04 0.76 

99.46 30.09 1.24 0.03 0.66 
98.02 32.49 1.11 0.02 0.64 
92.41 35.29 0.04 1.66 

37.18 0.79 1.79 
98.01 39.08 0.75 1.74 
98.3 40.74 0.63 0.63 

91.11 43.08 0.54 38.25 
96.13 44.86 0.49 0.02 34.44 0.63 
96.59 46.57 0.46 0'()3 31.13 2.3 
97.18 48.05 0.01 :31.47 1.3 

17 112.84 49.53 0.38 0.01 30.81 1.26 
18 12.57 95.89 50.97 0.33 0.02 27.68 2.23 

q s q 

I 
rn 

1 21.65 0.22 0.48 
1.13 24.68 0.22 0.79 
1.15 31.74 0.35 1.14 
1.14 42.48 0.19 0.29 
1.15 58.81 0.58 
1.18 68.95 1.24 
1.15 73.32 0.68 
1.16 76.58 0.58 
1.31 83.3 1.2 
1.31 1.62 
1.37 89.6 3.78 
1.41 0.19 
1.34 86.6 13.4 1.76 
1.41 94.81 5.19 6.3 
1.41 85.92 14.08 0.87 
1.62 84.92 15.08 1.38 
1.47 81.46 18.54 0.5 
1.39 79.1 20.9 1.01 
2.54 100 0 0 

q 

I 

23.35 0.61 
20.81 0.58 
15.8 

11.64 

4.73 
2.85 
2.01 0.72 
0.7 0.69 
0 0 

0 
0 

0 0 
0 0 
0 0 
0 0 
0 
0 0 
0 0 

~ 
po ..., 
0-
0 
:::l 

101.14 

101.75 
99.57 
100.49 
98.81 
98.09 
99.70 
100.4 
101.18 
99.77 
99.45 
100.16 

q 

1.37 
1.75 
1.5 

1.39 
0.58 
1.86 
1.13 
1.51 
0.91 
0.71 

1 
1.09 
1.24 
1.12 
0.9 

2.12 
0.55 
0.54 
1.24 

>-' 
c.n 
co 
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q I n q .?< q q q q 0 q n q 
i:ll ell ?; '" c 
V ;;- 0-
0 ~ 0 

!:l .,; 1JJ ::l ~ :::I 
>:: ~ 

0-
~ 

S n 0-

'" £:'.. ;:;. '" 0- ..., 
(lo if m 0- :;:! '1::l .... 0 n ..., n 

:;:! m m Q (1l 

0-

~ 
:::I 
n 
m 

~ 
84.43 1.98 101.81 3.69 8.89 10.32 0.08 .09 21.54 0.12 55 0.26 23.45 0.32 99.14 0.62 

1 I 100 101.99 11.49 47.33 1.19 93.98 1.02 6.97 0.04 1.09 21.58 54.81 0.42 23.61 0.46 98.68 :3.66 
2 98.96 105.1 22.86 17.47 1.31 94.84 1.09 4.58 0.26 1.13 24.93 19.99 0.51 100.46 4.5 

84.54 103.61 32.57 4.84 1.24 96.01 1.15 2.88 0.34 1 46.65 0.72 98.92 1.46 
71.12 102.84 40.75 2.74 0.51 98.33 2.17 0.06 1.22 68.51 0.45 106.42 17.29 
87.9 96.43 50.85 0.71 0.51 U5 82.06 1.72 1.28 99.32 1.68 

59.64 98.35 57.7 0.44 0.02 1.54 85.:lS 0.08 0.19 100.6 1.24 
47.6 93.86 63.17 0.31 om 30.25 0.9 1.46 79.52 2.66 18.59 1.41 1.9 2.6 99.45 1.6 

38.58 97.37 67.6 
32.6:3 97.7 71.35 
29.11 98.4 74.7 

11 126.83 97.6 77.78 
12 26.83 97.48 80.86 0.11 0.04 I 21.69 1.1 57.12 0.91 I 42.88 0.91 I 0 0 I 99.86 2.82 
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at 

n ~. (") q q 'CI q 'CI q S q 0 q q 
'< /!; :!: en en n en III 0"' ro <l'l '< 

;;;ij ,., 0 ro ::l e:. ::l ::l 

'" 0"' '" S n 
'" S· '" 0"' '" § tl) 0"' 'CI '"' 0 (") ,.., 

i:l III 0 
0-
>= n 
c+ 

1.5 I 10.31 0.04 1.13 21.97 0.39 55.9 0.7 1.8 
10.36 0.08 1.12 21.99 
10.34 0.06 1.12 21.99 0.61 22.89 
10.44 0.04 1.11 22.05 0.15 0.89 2.89 

0.06 1.12 22.26 
0.05 1.12 22.3 
0.03 1.12 22.42 
0.01 1.12 22.55 
0.04 1.14 22.82 
0.09 1.13 23.71 

13.41 96.08 1.01 0.07 1.13 25.1 
11.51 97.73 1.84 12.78 0.13 1.14 27.38 

12 13.22 96.1 0.68 14.46 0.17 1.12 30.67 
13 10.88 98.08 1.2 17.14 0.12 1.11 36.18 
14 11.05 97.41 1.11 20.72 0.23 1.12 43.93 
15 9.63 98.76 1.26 24.48 0.34 1.12 
16 12.56 94.67 1.24 27.97 0.28 1.12 59.23 
17 11.58 96.47 28.95 1.85 31.02 0.4 1.12 65.7 
18 11.13 96.41 30.3 2.34 33.07 0.49 1.12 70.18 
19 10.61 96.87 31.59 2.01 34.47 0.18 1.12 73.25 
20 9.18 98.78 32.71 11.04 0.88 35.91 0.39 1.11 75.64 
21 11.02 95.94 34.05 10.71 2.1 36.94 0.49 1.13 78.66 
22 11.36 96.16 3S.43 10.48 2.31 37.57 0.1 1.13 79.88 0.85 12.61 3.91 
23 8.98 98.57 36.52 10.17 2.58 37.78 0.41 1.16 81.72 0.92 16.97 19.4 105.18 1.71 
24 11.58 37.93 9.64 2.43 38.07 0.3 1.18 82.94 0.68 15.88 11.9 97.6 2.06 
25 12.33 8.8 3.29 37.8S 0.4 1.21 83.68 0.79 15.39 0.93 99.92 3.27 
26 5.36 7.84 3.32 37.62 0.21 1.25 84.69 0.67 14.71 0.61 68.31 100.74 2.68 
27 6.97 2.35 36.94 0.5 1.31 85.16 0.97 14.29 0.55 61.79 100.61 2.92 
28 5.81 4.15 36.32 0.4] 1.42 87.83 0.92 II.7 0.47 124.14 109.22 6.24 
29 5.08 2.85 35.88 0.11 1.44 87.45 0.55 11.82 4.44 0.73 19.84 111.45 0.86 
30 4.44 1.85 35.89 0.02 1.46 88.29 0.11 11.28 2.62 0.44 86.65 101.83 1.37 

4.02 1.55 35.48 0.05 1.46 87.56 0.43 11.77 3.78 0.67 9.77 109.31 0.47 
32 9.82 94.38 

II II 3.59 0.58 36.86 2.73 1.48 91.47 6.06 7.86 77.43 0.68 98.43 102.87 3 
33 94.45 3.29 2.16 35.51 0.1 LSI 89.04 1.11 10.96 9.02 0 0 100.2 2.13 
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G.lO: Reaction conditions: Pellets modified at 

~. >< t'l q q q q S 0 q 

~ :;J i:ll Ul 
"1 Ul 
U III \:l 0 

:::l OJ :::l 
;::: 

U 

~ III ::i" 
(1) § .., 

~ 
I'l 

[f) 
(1) 

u 
~ 
III 
:::! 
I'l 
(1) 

~ 

~ 
94.16 2.29 78.68 3.73 14.29 0.49 1O.2a 21.33 0.17 55.87 0.15 22.81 0.42 

47.52 96.19 5.78 9.82 50.41 99.9 2.55 6.03 0.47 10.44 21.87 0.35 55.68 0.36 22.45 1.21 
97.31 8.25 6.85 45.52 94.83 3.63 1.92 10.35 22.16 0.94 55.48 1.53 22.36 2.89 
96.9 10.35 2.26 209.05 98.57 4.63 0.77 10.34 22.02 0.84 0.6 22.24 2.07 

94.34 12.48 0.47 10.54 22.2a 0.27 0.34 22.08 0.87 
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C.lI: at 200°C 

~ x q (> q x q 
'"l '" ~ 

(=)" .., 
"-:;; 0" 

'" 0 
::J to ;:; 
>= 0" S (> 

'" ~ 0" .... 
~ (!) 0" .., 

0 (> 
::I (!) 

0" 
." 

§ 
" (!) 

96.97 0.9 86.48 1.99 2.09 
1 59.66 102.92 7.25 12.18 :32.92 94.62 3.12 4.65 1.87 
2 21.11 102.11 9.82 2.27 106.09 101.21 2.58 3.97 3.6 
3 19.18 99.29 12.15 5.14 :37.65 96.57 1.19 3.47 1.49 
4 18.37 98.25 14.39 3.25 1.53 
5 17.51 98.48 16.52 2.99 1.82 
6 17.88 96.57 18.69 2.09 

q q S en 

::r 

10.44 0.04 1.1 21.91 0.21 55.85 
10.31 0.07 1.19 22.62 0.95 55.81 
10.37 0.14 1.18 22.6 U5 56.3 
10.47 0.17 1.19 22.95 0.39 56.08 
1O.G3 0.1:3 1.18 2:3.18 1.17 56.17 
10.85 0.11 1.19 23.77 0.91 56.2 
10.59 0.13 1.17 22.97 0.77 55.93 

q 0 q 
en 

0.63 22.23 1.8 
1.09 21.57 3.27 
0.75 21.1 2.7:3 
1.14 20.98 2.93 
1.89 20.65 5.92 
1.04 20.03 :3.79 
0.96 21.1 2.58 

(> 

'" .., 
0" 
0 
;:; 
0" 

'" ~ 
::I 

" (!) 

101.3 
104.21 
100.57 
98.4G 
100.4 
100.69 
100.lo 

q 

1.48 
:{.09 

.3 
2.78 
1.75 
3.75 
2.11 

f-' 
OJ 
l,,;) 
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n,"""'L1Vll data of unmodified 

run 2 

5 100 5,83 100 16,72 

10 100 30.91 100 55,72 

100 71.43 81.2 

85.73 86.59 

88.69 97.46 83.67 

89.68 87.76 

85.04 96.69 86.39 

55 95.01 86.53 95.88 87.98 

65 94.8 86.36 96 87.83 

75 94.24 87.37 

85 93.46 90.7 

95 92.97 92,.53 

93.27 90.62 

93.47 89,88 

145 92.09 

150 92.67 91.54 

175 90.66 91.13 

180 90.33 94.65 

195 91.06 89.83 

205 90.46 91.1 

210 90.01 93.01 

95.27 

93.25 

89.06 93.92 

88.46 96.36 

275 89.52 92.7 

295 89.33 92.22 

300 87,59 96.29 

305 88.41 95.66 
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Table G.13: Reaction data of kinetic studies of 

tion over 

E-; 

°C 

450 1 0.51 49 150.2 21.7 1.13 

2 0.51 49 150.2 54.47 22.67 1.45 1.09 

3 0.51 49 150.3 55.22 22.03 1.43 1.07 

4 0.51 93 149.9 20.59 0.83 0.98 

5 0.51 93 150 56.03 20.65 0.81 0.99 

6 0.51 93 150 162.5 23.35 54.4 22.25 0.81 0.94 

7 0.51 127 169.1 23.39 54.48 22.13 0.6 0.88 

8 0.51 127 149.8 168.8 24.58 55.3 20.12 0.59 0.9 

9 0.51 127 149.7 168.9 24.35 55.99 19.67 0.6 0.9 

10 0.51 93 149.9 162.4 24.02 53.68 22.3 0.79 0.96 

11 0.51 96 150 162.5 22.97 58.74 28.29 0.8 0.99 

12 0.51 93 149.9 162.4 23.57 55.55 20.88 0.78 1 

13 0.51 149.9 156 22.28 54.94 22.79 1.85 1.02 

14 0.51 49 149.8 54.9 20.79 1.33 1.03 

15 0.51 149.8 53.72 24.52 1.34 1.02 

16 0.51 14 149.7 55.9 22.73 3.77 1.04 

17 0.51 14 149.7 56.32 22.63 3.78 1.03 

18 0.51 14 149.8 55.46 23.03 3.73 1.05 

19 0.51 49 149.7 54.33 23.8 1.31 1 

20 0.51 49 149.7 55.24 22.18 1.29 1.03 

0.51 149.7 56.23 21.55 1.83 0.99 

500 0.51 150.2 55.47 22.67 3.51 1.09 

2 0.51 150.4 55.14 22.97 3.52 1.05 

3 24.37 3.49 1.05 

4 0.51 150.2 54.6 22 1.98 1.05 

0.51 150.1 23.09 2 1 

0.51 150.] 54.76 22.59 1.99 

150.2 53.2 23.91 1 

150.2 54.75 21.79 

0.51 127 150.1 54.55 22.16 1.51 0.95 

0,51 150.2 55.45 21.78 2.08 1.02 

0.51 96 150.2 163.2 22.45 55.27 22.28 2.08 1 

150.2 1632 22.53 55.89 21.58 2.09 1.02 

1573 21.74 56.21 22.05 3.47 

14 0.51 49 150.2 157.2 21.7 55.21 23.09 3.5 1.02 

15 0.51 150.2 156.9 21.92 55,11 22.96 3.51 1.03 

16 0.51 150.1 151.9 20.99 55.61 23.41 10.08 1.05 
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n

T 

550 

550 

mass 

17 0.51 

18 

19 0.51 

21 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

13 

14 

15 

16 

17 

0.51 

0.51 

0.51 

0.51 

0.51 

0.51 

0.51 

0.51 

0.51 

0.51 

0.51 

0.51 

0.51 

0.51 

0.51 

0.51 

0.51 

0.51 

0.51 

19 0.51 

20 0.51 

21 0.51 

3 

4 

5 

6 

7 

10 

11 

12 

13 

14 

15 

1.6 

17 

18 

0.11 

0.11 

0.11 

0.11 

0.11 

0.11 

0.11 

0.11 

0.11 

0.11 

0.11 

0.11 

0.11 

O. 
0.11 

flow 

14 

14 

49 

49 

49 

49 

49 

49 

93 

93 

127 

127 

127 

93 

96 

93 

49 

49 

14 

14 

49 

49 

49 

49 

49 

93 

93 

127 

127 

93 

96 

93 

49 

49 

14 

14 

14 

Table a.13: continued 

150.3 

150.2 

150.1 

150.2 

149.8 

149.8 

149.8 

149.6 

149.7 

149.7 

149.7 

149.9 

149.9 

149.9 

149.6 

149.6 

149.9 

149.9 

150 

149.7 

149.8 

149.6 

149.9 

152.2 

151.2 

162.5 

162.7 

146.9 

129 

129.2 

129.3 

151.1 

150.5 

150.6 

150.6 

149.6 

153.9 

157 

21 

20.41 

157.1 • 21.71 

157.1 21.86 

157.7 21.2 

157.7 21.15 

157.7 21.34 

163.5 

163.1 21.95 

162.8 21.75 

.1 22.59 

172 22.18 

171.9 22.71 

164.6 21.81 

164.3 21.77 

164.3 22.05 

158.6 21.09 

158.5 21.18 

158.4 21.23 

152.9 20.4 

153 20.71 

152.9 20.6 

164.6 

163.7 

147.3 

147.3 

147.5 

129.3 

129.4 

129.6 

149.9 

158.8 

159 

159.2 

161 

164.8 

27.43 

27.77 

27.12 

26.04 

25.06 

26.03 

25.04 

25.16 

25.85 

25.23 

24.4 

27.77 

28.52 

55.57 

57.14 

o-s 
23.58 

23.43 

22.45 

55.69 22.6 

55.45 22.69 

55.11 23.68 

23.8 

54.39 

55.39 

54.9 23.15 

54.66 23.58 

22.05 

23.23 

54.1 

55.07 

55.12 

55.27 

55.5 

54.66 

54.89 

55.25 

55.18 

55.01 

23.11 

22.68 

23.42 

24.17 

23.87 

24.35 

24.11 

24.39 

X-Tol 

9.92 

9.96 

3.74 

3.56 

3.57 

9.67 

9.42 

9.29 

5.58 

5.59 

3.61 

3.53 

3.47 

4.99 

5 

5.01 

8.53 

8.5 

8.51 

21.16 

21.19 

21.1 

1.05 

1.06 

1.04 

1.03 

1.02 

1.12 

1.09 

1.09 

1.09 

1.08 

1.02 

1.08 

1.07 

1.07 

1.05 

1.06 

1.07 

1.06 

1.07 

1.07 

1.14 

1.13 

1.12 

23.71 8.44 1.07 

50.86 

51 

51.57 

52.76 

52.63 

53.7 

51.79 

49.25 

52.72 

53.01 

53.04 

54.04 

52.28 

52.87 

53.75 

53.53 

51.7 

23.6 8.41 1.07 

23.53 8.41 L08 

21.72 

22.61 

21.5 

19.09 

19.77 

19.08 

18.52 

21.08 

24.71 

22.23 

20.96 

21.92 

21.87 

21.85 

18.7 

19.78 

1.12 

3.47 

2.02 

1.14 

1.02 

0.96 

1.19 

1.11 

L09 

1.64 

1.63 

1.65 

1.91 

1.99 

1.95 

1.06 

1.07 

1.93 

9.17 

5.07 

3.52 

2.87 

2.43 

2.25 

2.07 

1.98 

2.14 

2 

2.01 

1.99 

2.03 

2.01 

1.98 

1.97 

2.07 
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Table G.13: continued 

mass flow I pr p-8 m-8 0-8 I X-Tol B/X 

modified powder sample 15 cycles at 150°C 

450 1 0.51 49 148.7 160.1 77.79 19.22 2.99 0.74 1.52 

2 0.51 49 148.8 160.3 80.54 16.93 2.53 0.63 1.11 

3 0.51 49 148.8 160.2 78.46 18.45 3.09 0.59 1.31 

4 0.51 93 148.9 169.8 79.75 16.99 :3.25 0.35 1.26 

5 0.51 93 148.8 169.5 84.44 15.56 0 0.32 1.32 

6 0.51 93 148.9 169.3 85.91 14.09 0 0.29 1.48 

7 0.51 127 148.8 179.5 82.09 17.91 0 0.24 1.06 

8 0.51 127 149 179 77,44 22.56 0 0.23 1.14 

9 0.51 127 149.1 179.1 78.72 21.28 0 0.22 1.18 

10 0.51 93 148.7 168.6 74.54 16.01 9.46 0.3 1.15 

11 0.51 96 148.9 168.6 81.59 18.41 a 0.29 1.23 

12 0.51 93 148.5 168,4 78.99 21.01 0 0.3 1.2 

13 0.51 49 148.9 160.2 77.67 19.24 3.09 0,47 1.2 

14 0.51 49 149 160.3 77.45 18.17 4.38 0,47 1.21 

15 0.51 49 148.9 160.2 77.21 22.79 a 0,48 1.15 

16 0.51 14 148.8 152.8 70.04 25.93 4.04 1.22 1.26 

17 0.51 14 148.7 152.9 69.22 27.08 3.7 1.24 1.21 

18 0.51 14 148.7 152.8 67.34 27.51 5.16 1.27 1.19 

19 0.51 49 148.7 160.2 78.34 19.39 2.27 0.46 1.15 

20 0.51 49 148.7 160.1 76.98 21.45 1.57 0.17 1.11 

21 0.51 49 148.7 160.2 80.55 19.45 0 0.45 1.21 

500 1 0.51 49 149.6 160.8 74.63 23.28 2.09 1.59 1.33 

2 0.51 49 149.8 160.8 73.9:3 23.41 2.66 1.41 1.14 

3 0.51 49 149.7 160.8 75.25 22.42 2.33 1.22 1.22 

4 0.51 93 149.5 169.9 77.02 19.91 3.07 0.81 1.1 

5 0.51 93 149.4 169.9 64,4:3 17.78 17.78 0.85 0.9 

6 0.51 93 149.4 169.8 75.95 21.1 2.96 0.78 1.06 

7 0.51 127 149.6 179.8 52.26 11.76 35.98 0.67 0.68 

8 0.51 127 149.6 179.9 77.37 19.22 3,41 0.52 1.06 

9 0.51 127 149.7 179.9 83.37 16.63 0 0.5 1.16 

10 0.51 93 149.5 169.7 77.7 22.3 0 0.73 1.07 

11 0.51 96 149.4 169.3 77.76 22.24 0 0.73 1.1 

12 0.51 93 149.5 169.6 78.72 21.28 0 0.73 1.08 

13 0.51 49 149.6 160.3 62,49 19.87 17.64 1.34 0.94 

14 0.51 49 149.5 160.5 74.28 22.39 3.32 1.22 1.17 

15 0.51 49 149.5 160.5 73.M 21.15 1.91 1.24 1.16 

16 0.51 14 149.5 153.2 60.01 32.89 7.1 5.5 3.8 

17 0.51 14 149.5 153.1 59.05 32.71 8.24 13.14 19.07 

18 0.51 14 149.6 153.3 5:3.64 37.22 9.14 28.83 83.57 

19 0.51 49 149.5 160.7 74.1 22.91 3 1.29 1.28 

20 0.51 49 149.6 160.5 78.53 20.2 1.26 1.19 1.3 

21 0.51 49 149.7 160.8 75.22 20.92 3.86 1.24 1.2 

550 1 0.51 49 149.3 161.1 70.69 26.34 2.97 3.11 1.27 

2 0.51 49 149.4 160.9 69.6 27.06 3.34 3.04 1.3 
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Table G.I3: continued 

p,. m-S 0-8 

3 0.51 49 149.7 161.1 70.85 25.95 3.2 

4 0.51 93 149.1 169.9 78.68 19.14 2.18 1.93 

5 93 170 79.3 18.45 2.25 1.78 1.56 

6 0.51 93 170.2 75.06 23.34 1.61 1.77 

7 0.51 127 182.6 80.29 18.98 0.73 1.2 1.34 

8 0.51 127 182 73.82 1.75 1.14 1.39 

9 127 182.4 78.72 18.99 2.29 1.19 1.26 

10 0.51 93 169.6 43.27 55.36 1.37 2.2 0.7 

0.51 96 169.5 75.11 22.02 2.85 1.66 1.18 

0.51 93 169.7 75.76 21 2.32 1.65 1.21 

13 0.51 49 160.1 70.43 26.18 3.38 2.88 1.27 

14 49 160.7 68.17 28.26 3.57 1.2 

15 49 149.6 25.85 2.82 1.25 

16 0.51 11 149.2 7.82 6.4 3.29 

17 0.51 14 149.2 6.92 8.06 1.55 

18 14 149.1 7.06 7.89 1.48 

19 49 119.2 26.04 2.75 1.22 

0.51 49 149.2 27.49 3.32 2.77 1.18 

21 0.51 149.1 160.9 69.47 27.47 3.05 2.78 1.2 
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Table G.14: Reaction data of toluene 

pressure 13.4 

IsproportlonatH)ll over 

reaction temperature = 
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Table 0.14: continued 

mm % % % 

105 21.53 55.76 22.71 7.61 1.14 

115 21.43 55.92 1.13 

125 48.5 • 21 55.58 1.14 

135 55.95 1.12 

145 

155 1.11 

modified 

5 12 1.09 

15 75.27 2.04 11.33 

25 74.76 2.4 11.19 1.08 

35 75.18 22.98 1.84 11.05 1.12 

75.52 22.34 2.14 11.03 1.12 

76.42 2.06 10.97 1.12 

76.31 21.65 2.04 10.95 1.1 

91 5.97 2.51 9.6 1.57 

76.49 21.45 2.06 10.85 1.09 

76.82 21.24 1.93 10.84 1.09 

105 76.13 21.66 2.21 10.84 1.08 

115 75.96 21 2.28 1.09 

125 76.52 21.63 1.85 10.78 L08 

135 76.37 21.68 10.75 

145 76.55 10.69 1.1 

150 77.36 10.52 1.07 

77.39 20.51 10.67 1.1 

20.77 10.71 1.09 

76.68 21.41 1.91 10.73 1.09 

77.81 2.06 10.56 1.09 

24.8 86.4 12.98 0.62 5.59 1.08 

12.96 0.6 5.65 1.09 

215 86.27 la.73 0 5.6 1.06 

225 85.91 14.09 0 5.68 1.06 

236 48.5 100 0 0 2.96 1.28 

245 91.3 8.7 3.28 

255 95.99 1.1 

265 96.19 1.09 
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Table G.15: Linear velocities for empty reactor at reaction 

flow rate saturator reactor reactor linear 
carrier gas pressure temperature pressure 
ml/min kPa °C kPa cm/s 

CVD: 92 160 50 150 1..57 
92 160 100 150 1.81 
92 160 150 150 2.0G 
92 160 200 150 2.3 
92 160 300 150 2.78 
92 160 400 150 3.27 

CVD: pellets 100 1GO 
300 170 200 160 7.02 
92 160 270 150 2.63 
100 160 210 150 2.54 
50 160 
10 120 
15 151 
49 160 450 150 2.02 
93 160 450 150 3.83 
127 170 450 150 5.2 
15 151 
49 1GO 500 150 2.16 
93 160 500 150 4.09 
127 170 500 150 5.56 
15 151 
49 lGO 550 150 2.29 
93 160 550 150 4.35 
127 170 550 150 5.92 
15 151 
49 160 550 150 2.29 
93 165 550 150 4.34 
127 165 550 162 5049 

Kinetic study TDP: 15 153 
Modified powder 49 160 450 150 2.02 

93 170 450 150 3.81 
127 180 450 150 5.18 
15 153 500 150 0.66 
49 160 500 150 2.16 
93 170 500 150 4.07 
127 180 500 150 5.53 
15 153 
49 160 550 150 2.29 
93 170 550 150 4.33 
127 180 550 150 5.89 

Kinetic 10 120 
Modified 21 120 450 105 1.27 

40 120 450 110 2.31 
Calcination: powder 100 IOO 
Calcination: 300 IOO 550 180 10.81 
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Table G.16: n_~cur"no isomerisation over CVD modified silica 

35-70 pore diameter:40 CVD: 5 
2.7 saturator pressure: 

15 

171 

reaction 
reactor 
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G.17: reaction work on 

x u C bal u X u u u o~Sel (1 0- 0- C-bal 0-

% % % % 

TiPE TDP 
0 75.55 2.U9 8.52 0.17 0.15 55.04 0.36 23.52 0.42 10.13 0.1 1.7 
0' 6.59 0.74 0.75 0.13 0.08 0.12 0.1] 0.12 0.65 

error % 8.72 35.64 8.81 78.78 57.87 0.22 30.62 118.18 38.36 
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Table H.l: Glossary for Tables H.2 and H.3 

2Me2MOS 
3HeptMOS 

4MeSi 
A 
BaldNH3 
BEA 
BuOH 
c-
C6 
C7 
C8 
ck 
deal 
dealk 

DiPB 
DEB 
DP 
EE 
ESCA 
ETHC 
EtOH 
hydrog 
iso 
isopropOH 
MAS 
Me3MOS 
MeOH 
mod.Wang88 
MOR 

MTHC 
MTO 
m-X 
n­
Niwa84 
NMR 
O-X 
PhOH 

Py 
s-
t-
TBOS 
TEM 
TEOS 
TEOGe 
TMOS 
TMOGe 
1'01 
transalk 
Wang88 
X 
XPS 
XRD 
Y 
ZK5 
ZSM-5 

tripropylmethoxysilane 

zeolite A 

zeolite beta 
butylalcohol 

hexane 

octane 

dealuminated 
dealkylation 
dehydration 
diisopropyl-benzene 

ethyl benzene 
electron spectroscopy chemical analysis 
ethanol to mr<1rr,,,",r 

ethanol 
hydrogenation 
isomerisation 
isopropylalcohol 

methanol 
modified method after 
zeolite mordenite 

methanol to hydrocarbon 
methanol to olefin 

normal-
method after Niwa 1984 
nuclear magnetic resonance 

sec­
tert-

1988 

transmission electron mlICrOSCC)PV 

toluene 

1988 
zeolite X 

ph'Jtc,elE~ctlron spectroscopy 

zeolite Y 
zeolite ZK5 
zeolite ZSM-5 
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Table H.2: Overview of literature related to of 

on and similar material. 

Material Modifier and method Reference 

temperature 

TMOS 593 vacuum system, 

Alumina-

Silica-mix 

TEOS+ 453-503 flow system, 

in-situ 

TBOS 

Alumina TEOS 473-613 

Alumina TEOS 513-573 

Ga-ZSM-5 TEOS 503 

Ga-ZSM-5 TEOS 

H-BEA TEOS 

H-BEA TEOS 294-523 static 

H-ZSM-5 TEOS 593 vacuum system, 

H-ZSM-5 TEOS 

H-ZSM-5 TEOS 

H-ZSM-5 TEOS 

H-ZSM-5 TEOS 

H-ZSM-5 TEOS 

H-ZSM-5 TEOS 

H-ZSM-5 TEOS 

H-ZSM-5 TEOS 

H-ZSM-5 TEOS 

H-ZSM-5 TEOS 

H-ZSM-5 TEOS 

H-ZSM-5 TEOS 

H-ZSM-S TEOS 

static 

H-ZSIvI-5 373 

H-ZSM-5 TEOS 373 

II-ZSM-5 TEOS 323-673 static, 

H-ZSM-5 TEOS 473 static 
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Table H.2: continued 

Material Modifier and method Reference 

temperature 

H-ZSM-5 TEOS 373 flow-system, 2000) 

cycles 

H-ZSM-5 TEOS 503 Wang88) (Das and 

2000) 

TEOS 298/673 static, 2000) 

H-BEA 

Silica-Alumina TEOS 443 How system 

H-ZSM-5 TEOS+ 473-483 flow system 

K-X TEOS, 298 static 1997) 

Me3MOS 

H-ZSM-5 388 and Pakka-

nen, 

TEOZr 473 static et al., 

(H-MOR TMOGe 333 

TMOGe 333 

TMOGc :3:33 (mod. 

1989b)) 

Alumina TMOS 593 water admission et al., 1989) 

Alumina TMOS 593 Niwa84 

Alumina TMOS 373-673 vacuum systern, 

static 

H-MOR TMOS 593 vacuum system, (Niwa et al., 1982) 

static 

II-MOR TMOS 593 vacuum system, (Niwa et aL, 1984b) 

static 

II-MOR, TMOS 593 Niwa84 (Sawa et aL, 1990) 

deal-MOR, 

Ba-MOR 

H-ZSM-5 TMOS 593 Niwa84 

H-ZSM-5 TMOS 593 flow 

H-ZSM-5 TMOS 593 Niwa84 

H-ZSM-5, TMOS 593 cycles, 

II-MOR, water admission 

deal-II-MOR 
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Table H,2: continued 

;Vlaterial Modifier and method Reference 

temperature 

TMOS 673 

water admission 

Na·A TM08 573-673 

TM08 593 water admission 

Na·H·MOR 

Pt·H-MOR TMOS 593 

Pt-H-MOR TMOS 593 

ZK5 1'.1\108 

B·MOR· 291-373 

4MeSi 

Alumina 

H·ZSM·5 593 Niwa84 

3HeMOS 

H-Y 373·673 

2Me2MOS 
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Table H.3: Overview of ""r'",vr"r> studies on ZSM-5 Amlr;I{)\r1n", CVD of 

Material Modifier Other Reference 

Reactions 

Alumina TEOS 

Alumina TEOS 

Ga-ZSM-5 TEOS 

TOL+MeOH 

Ga-ZSM-S TEOS TOL+MeOH 

H-BEA TEOS cumene-DP and 

H-BEA TEOS n-C6 

IR 

ck 

H-ZSM-5 TEOS 

ETHC 

H-ZSM-5 TEOS 

H-ZSM-5 TEOS 

m-X-iso 

H-ZS:V1-5 TEOS EB+TOL 

H-ZSM-5 TEOS EB-dealk 

H-ZSM-S TEOS EB+EtOH+ 

H-ZSM-5 TEOS TDP 

H-ZSM-S TEOS EB+EtOH NH3-TPD 

H-ZSM-5 TEOS EB+EtOH NH3-TPD 

H-ZSM-5 TEOS c-C6 

1 

ck 

H-ZSM-5 TEOS n-pentene to 

aromatics 
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Table H.3: continued 

Material Modifier Other Reference 

Reactions 

H-ZSM-5 TOL+EtOH SEyr 

H-ZSM-5 TEOS TOL+EtOH 

H-ZSM-5 TEOS 

H-ZSM-5 TEOS 

H-ZSM-5 TEOS 

ck 

H-ZSM-5 TEOS 

H-ZSM-5 TEOS catechol + 

H-ZSM-5 

cony 

H-ZSM-5 TEOS PhOIl+EtOH NH3 -TPD 

TEOS 

II-BEA 

Silica- TEOS 

Alumina I-butene-iso 

H-ZSM-5 TEOS EB-DP 

SEM 

TEOS 

Silica-

TOL+EtOH 

n-C6 

Me3MOS 

H-ZSM-5 

TEOGe 

MAS-l'\MR 
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Table H.3: continued 

Modifier Other Reference 

Reactions 

TMOS ESCA 

TMOS 

CH4 

T:vIOS C8-ck 

Na-H-MOR 

Pt-H-MOR TMOS 

Pt-H-MOR TylOS et aI., 

ZK5 TMOS SIMS 

H-MOR-

4~leSi 

Alumina 

H-ZSM-5 

Tol+MeOH 




